Abstract. Bathymetric data acquired during six cruises to the East Pacific Rise crest 9 o 49'-51'N are compiled into a single bathymetric database and used to create high-resolution bathymetry maps of two geologically and biologically active areas. Scanning sonar and Alvin altimetry were collected during 23 Alvin dives to the P-vent/Bio9 and Biomarker-141 areas during 1991-95. Bathymetry data were filtered, edited, and processed as individual dives then combined into a single database for each cruise and statistically evaluated. Cruise data sets were numerically and visually compared and crosscorrelated to known bottom features and fixed seafloor reference markers, then horizontally shifted to establish a consistent database with 3 m vertical and 5 m horizontal resolutions. The compiled and corrected bathymetry was used to produce bathymetric maps of two areas within the axial summit collapse trough; a 2 x 10 4 m 2 area around P and Bio9 vents, and a 1.1 x 10 3 m 2 area around Biomarker 141. The resulting detailed bathymetry maps reveal topography dominated by low-relief volcanic constructional features and post-eruptive collapse of lobate and sheet lava surfaces.
Introduction
The axis and flanks of the East Pacific Rise (EPR) between the Siqueiros and Clipperton transforms have been the subject of intense geological and geophysical study for nearly a decade at scales ranging from 0.1 -100 kms using multibeam sonar and multichannel seismic data to scales <1 m using near-bottom observations and sonar data collected using the submersible Alvin. The spatial and temporal scales over which tectonic and magmatic processes interact at this fastspreading (110 mmy -1 ) mid-ocean ridge (MOR) are reflected in the range of volcanic, hydrothermal, and structural features observed on the ridge crest and flanks, and how they have evolved over time. Increasing the spatial resolution with which one can map morphological features at the MOR axis during periodic field programs to the same site provides an ability to conduct detailed multidisciplinary investigations of MOR processes over time scales equivalent to the frequency of surveys (months to decades). This approach was used with multibeam data from the Juan de Fuca Ridge to identify areas which had experienced submarine eruptions [Fox et al., 1992; Chadwick et al., 1995] . These investigators demonstrated the viability of establishing and comparing multiple bathymetric data sets to detect topographic changes for a given region over time periods of 1 to ~10 yrs.
The type of volcanic constructional topography created at the intermediate-spreading rate Juan de Fuca Ridge is largely pillow lavas [Embley et al., 1994] . This lava morphology creates features that are >10-20 m high and >~1 x 10 4 m 2 in area, which are easily detected and monitored by repeat multibeam surveys. At fast-spreading MORs, lobate lava flows are generally <<10 m thick and topographic variability of constructional volcanic terrain at the axis is subtle. Mapping seafloor structure and monitoring topographic changes with repeat surveys on fast spreading MORs thus requires mapping techniques that can resolve features <<10 m high and 1 x 10 2 m 2 in area. This paper discusses the compilation, processing, and analysis of bathymetry acquired using the submersible Alvin for two well-studied areas of the EPR crest within the axial summit collapse trough (ASCT) [Fornari et al., in press] , in a region which experienced a submarine eruption in 1991 [Haymon et al., 1993; Gregg et al., 1996a] . This work has resulted in very detailed bathymetry for two areas: (1) P and Bio9 vents near 9° 50.3'N, and (2) Biomarker 141 near 9° 49.9'N ( Figure 1 ).
Data Acquisition, Processing, & Analysis Navigation
Data used in our analysis were recorded on 19 Alvin dives in the P and Bio9 vent area over the period 1991-95, and 11 dives at the Biomarker 141 site during 1993-95 (Table 1) . The key components of our analysis involve editing of individual dive tracks, statistical analysis of combined cruise data sets, cross-correlation of Alvin navigation for each cruise to known bottom features and reference markers, and lateral correction of each cruise data set.
Alvin navigation is calculated using acoustic travel-times from long-baseline, bottom-moored transponders every 15 s. Transponders were surveyed using iterative triangulation of acoustic travel times from the surface ship, whose position was determined using P-code GPS at horizontal distances approximately equal to the water depth. Final position of each transponder was based on ~80-200 fixes resulting in a geographic position error of 1-3 m rms. and Fornari et al. [in press ] estimate overall Alvin position accuracy and repeatability at 5-10 m. Transponder locations during the various dive programs in the study area are shown in Figure 1 .
Three transponders deployed during the Adventure II cruise (denoted by black squares in Figure 1 ) served as permanent transponders from Jan. 1992 until Dec. 1995, providing consistent navigational references from cruise to cruise. They were serviced in 1996 and redeployed.
Post-processing of Alvin navigation began with outlier removal to eliminate any Alvin positions with horizontal jumps >60 m between consecutive 15 s fixes (this equates to a speed of 3.9 knots, roughly four times Alvin's maximum speed of ~ 1 knot). Navigation time series (latitude vs. time, longitude vs. time, depth vs. time) and spatial series (latitude vs. longitude) were plotted and edited to remove positions with location shifts due to transponder dropouts. Edited position data were run through a 2 min. median filter to reduce noise then sub-sampled into 2 s records. Alvin's raw and processed dive tracks were plotted, compared, and checked against dive log records, previous dive tracks, and known bottom marker locations. Dive tracks were combined into a single latitude, longitude, depth file for each cruise then co-registered against bathymetric features and Biomarkers in the two detailed survey areas. Final lateral shifts for each cruise were determined using a combination of numerical and visual comparison between mapped features and known bottom reference points and are shown in Table 2 .
Altimetry and Bathymetry
Bathymetry data were separated into two data types (Alvin bathymetry and Mesotech bathymetry) produced by four instruments mounted on Alvin (675kHz Mesotech Model-1971 scanning altimeter, 100kHz Benthos-2110 altimeter, 200kHz Datasonics-PSA 900-3 altimeter, and Paroscientific-410K-101 pressure transducer). Variation in sensor position is estimated at ~1 m vertical, ~1-2 m horizontal. The vertical and slope resolution of each instrument is estimated at <<1 m. These errors are included within the estimated navigational positioning errors. Combining Alvin's pressure depth and its distance above the bottom produced Alvin bathymetry. The pressure transducer has a resolution of 1.0 PSIA (~2 m) and both altimeters have resolution <<1 m resulting in bathymetry data with a statistically combined resolution of 3 m. (Note: In May 1994 a change was made in Alvin's algorithm used to convert pressure to depth in meters. This necessitated the adjustment of the altimetry data collected before that date to maintain a consistent vertical reference frame relative to later cruises.) Mesotech data are a series of acoustic ranges to the seafloor relative to the mount location on Alvin and accurate to <<1 m resolution. Mesotech ranges were combined with pressure depth, the smoothed interpolated 2 sec position and attitude data from Alvin, then converted into geographically independent depth values using software provided by D. Scheirer [pers. comm., 1997] .
The depth range in this area is 2490-2540 m as determined from Seabeam data collected in 1994 (Figure 1 ). Data were automatically filtered to remove information collected from altitudes outside the 1-99 m range, jumps between consecutive pings exceeding 60 m, bathymetry outliers outside the 2490-2540 m range, and then examined and edited on an individual dive basis to remove more subtle errors. Resulting filtered and geographically registered Mesotech and Alvin bathymetry data were combined into a single bathymetric file for each dive with a statistically combined vertical resolution of 3 m.
Data Quality Analysis
The compiled, processed Mesotech and Alvin bathymetry data were combined into a single database for each of the six cruises. Data were binned into 1 m 2 grid cells for each separate study area. Data quality was checked with statistical analysis of the standard deviation, number of data points, magnitude of variation, maximum, minimum, median, and mean of each 1 m 2 bin (Figure 2) . Figure 2 shows the data range is significantly higher than the standard deviation. This is typical of the data sets in that a single or few data points with >4m magnitude variations are enough to effect the range without significantly effecting the standard deviation due to relatively low variations and high data density as seen in the "data density plot". Areas with high standard deviation (>1.5) and large data range magnitudes (>4 m) were examined on a dive by dive basis to determine which dive for that cruise was introducing the error. The overall quality of the data is demonstrated by the Nov. 1995 data shown in Figure 2 . For all cruises, our statistical analyses show consistently low standard deviations with high data density and low depth ranges suggesting that there is excellent internal agreement of these data within each cruise. Position quality was checked by cruise to cruise comparison and cross referencing of bottom features. Final bathymetric grids were made for each detailed survey area at a 0.25 m 2 grid spacing, a 1.5 m 2 data resolution, with an estimated error resolution of 5 m horizontal and 3 m vertical (Figure 3) . The contouring algorithm combined the processed and corrected bathymetric data from each cruise, and ran through an interative increasing mean filter window function with 0.25 m 2 step increments starting at 0.25 m 2 and finishing at 1.5 m 2 . Each interation step combined the original 0.25 m 2 data with the mean filter output for input into the next larger filter window size, thereby preserving the original data while averaging progressively larger areas. This process effectively grows the data from the raw data points allowing interpolation at double the maximum filter window size (in this case 3 m 2 ). The main advantages over standard surfacing techniques are the elimination of artificial regions created by interpolation over areas with little or no data, and the lack of the "ringing effect" common to surfacing algorithms [A.M. Goodliffe & F. Martinez, per. comm., 1997] . Data presented in these grids represent the mean value of the combined bathymetric data sets from each dive program that have been processed, analyzed, and co-registered to Biomarkers, and seafloor hydrothermal or volcanic features observed from Alvin or recorded in the video data. Figure 3 shows the compiled processed bathymetric data for two areas within the axial summit collapse trough; a 2 x 10 4 m 2 area around P and Bio9 vents, and a 1.1 x 10 3 m 2 area around Biomarker 141. Several key features are observed in the bathymetric maps of the ASCT in the two areas (Figure 3) . In comparing the two areas, it is apparent that the mean depth of the trough floor is ~6-8 m shallower in the Biomarker 141 area, while the rim of the ASCT and tops of lava pillars [Gregg and Chadwick, 1996] in both areas are at depths of ~2500-2502 m. The topographic gradient within the floor of the ASCT over the length of the BioTransect [Fornari, et al., in press; Shank et al., in press] shallows towards the south and may reflect local ponding of the 1991 flow over this region. Fornari and Embley [1995] lava breakout from the trough during the 1991 eruption, and local volcanic construction along the ASCT rim. Visual observations from Alvin confirm that the ASCT was breached in many places by the 1991 flow, and that tops of many lava pillars throughout the study areas generally conform to the depth level of the adjacent ASCT rim [Gregg et al., 1996b] .
Discussion
The P-vent / Bio9 area map (Figure 3) shows an irregular summit trough 8-10 m deep that trends NNW-SSE, parallel to the general trend of the EPR axis. Each area in Figure 3 is characterized by very irregular topography on a scale of 2-6 m with many features represented by closed-contour highs or lows representing near vertical relief. These dimensions are consistent with constructional volcanic features, lava pillars, and collapsed portions of sheet and lobate lava flows in these areas documented by Alvin observations and video recordings [Haymon et al., ,1993 Fornari et al., in press; Shank et al., in press ]. The ~100 m section of the eastern ASCT wall near the P vent /Bio9 area shows many salients and reentrants at scales of ~5-10 m. Broad irregularities in the plan-view outline of the trough margin at a scale of 50-100 m (Figure 3 ) are similar to subaerial lava tubes and channel terrain in Hawaii. The deepest portions of the trough floor in the P-vent / Bio9 area occur along a NNW-SSE trending linear zone which delimits the area of eruptive fissuring produced by the 1991 eruption. The somewhat larger, deeper area of collapsed lobate and sheet lava surfaces surrounding P-vent (Figure 3) conforms to a collapse pit surrounding this vent; a site of intense hydrothermal activity just following the eruption in April 1991 [Haymon et al., 1993] . Features apparent in the bathymetry east of the Biomarker 141 location (Figure 3 ) correlate to visual observations of the morphology of this area which consists of a discontinuous section of the eruptive fissure, flanked to the west by a low (2 m relief) pressure ridge in the corrugated-sheet lava surface [Shank et al., in press ].
Conclusion
We have produced high-resolution bathymetric maps by correcting, co-registering, and digitally compiling bathymetric data collected on 23 Alvin dives from a ~4 km long segment of the EPR between 9° 49'-51'N over the period 1991-95. Processing and statistical evaluation of vehicle pressure depth and altitude from 100 kHz and 675 kHz sensors, combined with numerical and visual comparison to bottom features and fixed reference markers can produce compiled bathymetric data with 3 m vertical and 5 m horizontal resolution. The accuracy of two maps produced for the P-vent / Bio9 and Marker 141 areas are of sufficient resolution to resolve volcanic morphology that can be used to characterize the spatial scales over which tectonic and magmatic forces interact at this fast spreading ridge. These data provide a baseline high-resolution bathymetric data set with resolution sufficient to measure future topographic changes caused by eruptions of thin lobate or sheet lava flows, as well as changes in locations and distribution of prominent hydrothermal vents.
